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The intestinal mucosal integrity essential for the functions of healthy intestine requires the coordination of renewal and migration of epithelial cells from the crypt to villus tip where anoikis [a programmed cell death caused by the loss of integrin-mediated cell adhesion (15) ] occurs (62) . LPA contributes to the maintenance of the intestinal epithelial integrity (60) by regulating cellular events such as epithelia restitution and inflammation responses (6, 60, 73) . The intestine is a unique tissue that is exposed to both exogenous LPA from the diet (45) and endogenous LPA from the circulation and cells in the mucosa (3, 13, 42) . The EDG family receptors such as LPA1 and LPA2 are expressed in the intestine; however, specific functions of non-EDG family LPA-activated GPCRs have not been elucidated.
Recently, the activation of a family of GPCRs, with sequence similarities to the purinergic receptors (P2Y family), by LPA was reported (7, 31, 33, 44, (47) (48) (49) . Some of these receptors are also activated by other agonists in addition to LPA (7, 44, 48) . The multiple effects of LPA on the intestine might be explained by the presence of these non-EDG family LPA responsive GPCRs, which are capable of having their activation by LPA enhanced by the presence of other ligands to this group of receptors. Of these newly identified LPA-responsive receptors, we have observed that P2Y5 mRNA appears to be at similar levels along the proximal to distal intestine. The distribution of P2Y5 transcript along the intestinal mucosa would suggest that the activation of this receptor might be important for maintaining events involved in mucosal homeostasis.
P2Y5, originally designated as 6H1, was later renamed as P2Y5 because of its similarities to nucleotide receptors (P2Y family) and its ability to bind [ 35 S]dATP␣S (67) . Nevertheless, the identity of the agonist of P2Y5 remained elusive since nucleotides did not activate second messenger systems in P2Y5 transfected cells regardless of their high binding affinities (35) . The prior establishment of LPA as an agonist of the P2Y5-related GPCRs [i.e., P2Y9 and GPR93 (also named GPR92) (7, 31, 33, 47, 48) ] led to the discovery that P2Y5 is activated by LPA as well (49) . However, the mechanism(s) of the biological effects resulting from the activation of P2Y5 remains to be clarified. Critical to the understanding of the role(s) that P2Y5 could play in the intestine is the determination of its downstream effector molecules upon activation.
In the present study, we demonstrate P2Y5 activation by LPA and farnesyl pyrophosphate (FPP). This activation is coupled to G␣ i and G␣ 12/13 , resulting in a reduced forskolinstimulated cAMP level, an increase in the phosphorylation of ERK1/2, an induction of serum response element (SRE)-linked reporter activity, and a reduction in small intestinal hBRIE 380i cell attachment to extracellular matrix substratum. The increase in ERK1/2 phosphorylation is through a G␣ i pathway and mediated by MEK1/2. The activation of SRE reporter activity is through a G␣ 12/13 pathway and mediated by Rho kinase (ROCK), possibly through the activation of Rho family small GTPase. This study demonstrates that P2Y5 may play an important role in intestinal cell adhesion in response to mole-Superfect transfection reagent (Qiagen) was used to transfect following the manufacturer's protocol.
The P2Y5 or empty vector stable transfectants were developed as follows: 36 h after the electroporation (3 g plasmid DNA/10 6 cells), resistant clones were selected and subsequently maintained in the presence of 800 g/ml G418 (Invitrogen). The overexpression of P2Y5 was verified by PCR and the [Ca 2ϩ ]i mobilization assay. Tissue preparation and RNA isolation for P2Y5 expression profile. Total RNA from hBRIE 380i cells and rat tissues including intestinal cells isolated by laser microscopy dissection (LMD) were prepared as previously described (7) . In brief, 12-h fasted male Sprague-Dawley rats (14 wk old) were used as tissue sources (n ϭ 3). After animals were euthanized, brain, heart, lung, kidney, pancreas, liver, stomach, and small and large intestine were isolated for mRNA analysis. Intestinal epithelial samples were prepared as follows: intestines were extracted, cleaned, and cut into segments. The mucosal layer of the intestine was obtained by gentle scraping of the exposed luminal surface, and the purity of the epithelial preparations were verified by determining the relative expression of villin and intestinal fatty acid binding proteins (I-FABP) by use of RT-PCR. Duodenal samples used for LMD were prepared by cutting duodenum into 2-mm sections after a 70% ethanol fixation. The tissue sections were washed with ice-cold PBS and immersed in ice-cold 30% (wt/vol) sucrose in PBS overnight at 4°C. The sucrose-equilibrated sections were cryosectioned at 10-m thickness and then stored at Ϫ80°C. LMD and analysis of mRNA were performed as previously described (9) by using a Leica AS LMD system followed by semiquantitative RT-PCR. Animals used in these studies received humane care according to National Institutes of Health (NIH) guidelines; studies were performed after approval by the Animal Care and Use Committee of the University of California at Berkeley.
Semiquantitative RT-PCR. Reverse transcription was performed as we previously described (34) . The PCR primers for P2Y5 (sequence listed in Table 1 ) were designed on the basis of the rat P2Y5 sequence (Ensembl Gene ID: ENSRNOG00000015577). Taq DNA polymerase (New England Biolabs) was used to PCR amplify a 302-bp fragment of P2Y5 cDNA. The PCR primers for the ribosomal 18S RNA, villin, and I-FABP were as described previously (34) . The PCR parameters were: 20 s at 94°C, 15 s at 55°C, and 30 s at 72°C; for 19 -35 cycles.
AEQ-based [Ca 2ϩ ]i mobilization assay. CHO or hBRIE 380i cells were electroporated with the mtAEQ expression plasmid (2 g/10 6 cells) and either P2Y5 alone (4 g/10 6 cells) or P2Y5 plus G␣ protein cDNA (2 g/10 6 cells). The amount of electroporated DNA was equalized by using the empty vector. Cells were allowed to recover for 20 h in Iscove's modified Dulbecco's medium (IMDM; Invitrogen)/ 10% bovine calf serum (BCS; Hyclone Laboratories), and then a [Ca 2ϩ ]i mobilization assay was performed as previously described (7) . Luminescence [as relative light units (RLU)] was recorded continuously. Fractional RLU is defined as the increased RLU due to a stimulus normalized to the total RLU. Total RLU is the integrated Plasmid Construction
RLU value for 30 s after the injection of the stimulus plus the 20 s after the addition of the lysis buffer. Localization of P2Y5 in hBRIE 380i cells. The hBRIE 380i cells were transfected with the P2Y5-EGFP fusion construct by electroporation (4 g plasmid DNA/10 6 cells). After a recovery incubation in IMDM-10% BCS under normal culture conditions for 24 h, cells were trypsinized, resuspended in phenol red-free IMDM-10% BCS media, and plated on six-well slides coated with collagen type I at a density of 10 4 /well for 16 h. The images of EGFP-tagged P2Y5 were acquired by using a Zeiss 510 Meta confocal microscope and a ϫ63 waterdipping lens. The samples were excited by using a 488-nm argon laser line. A 505-to 550-nm barrier filter was used to filter the emission light.
Measurement of intracellular cAMP. CHO cells were electroporated with the P2Y5 expression plasmid or empty vector (6 g of DNA/10 6 cells) and then plated in 12-well plates (5 ϫ 10 5 cells/well) in IMDM-10% BCS. After 24 h, cells were washed three times with PBS and preincubated in HBSS/0.1% ffBSA for 30 min, followed by an additional 30 min incubation in the presence of 1 mM of 3-isobutyl-1-methylxanthine (IBMX). Cells were then treated with stimuli for 7 min. The treatments were terminated by placing the cells on ice and rinsing three times with ice-cold PBS. Cells were scraped on ice with 200 l of 0.1 M HCl. The cytosolic fraction of each sample was obtained by centrifugation (10,000 g, for 10 min at 4°C), and the cAMP concentration was determined by an enzyme immunoassay method (Cayman Chemical). Under this condition, 2.5 M forskolin increased intracellular cAMP by 7.4 Ϯ 1.2-fold, and 100 M isoproterenol increased intracellular cAMP by 8.8 Ϯ 1.3-fold in ␤ 2AR transfected cells. The interassay coefficient of variance was less than 20%, and the lowest detectable level of cAMP was 3 nM.
Ligand binding assay. hBRIE 380i cells stably transfected with P2Y5 or the empty vector were laid down in T150 flasks (4 ϫ 10 6 cells/flask). After 24 h in IMDM-10% BCS, cells were placed on ice and scraped with 5 ml of binding buffer [20 mM Tris ⅐ Cl, pH 7.5; 1 mM EDTA; and protease inhibitor cocktail (Roche)] per T150 flask. Cell lysates were incubated on ice for 20 min and then homogenized on ice for 40 strokes/sample. The crude membrane from hBRIE 380i cells was prepared by centrifugation at 16,000 g, for 3 min at 4°C after homogenization. The pellets obtained from the centrifugation, which contained cell membranes, were resuspended in ice-cold binding buffer and the protein concentration was determined by the Bio-Rad protein assay. The crude cell membrane (30 g . The values of Ki were generated by using the GraphPad Prism version 4 with one-site competition nonlinear regression algorithm.
Western immunoblotting. The hBRIE 380i cells stably transfected with the P2Y5 cDNA or empty vector were grown on six-well plates (seeded at an initial density of 5 ϫ 10 5 cells/well) in IMDM-10% BCS for 24 h. The cells were then serum starved for 12 h in IMDM/0.1% ffBSA prior to the treatment with various doses of 18:1-LPA for the time indicated in the figures. Sample preparation and the Western blot procedure were as previously described (7) . The amount of protein per lane was 40 g for phospho-ERK1/2 detection and 100 g for epidermal growth factor receptor (EGFR). For loading control, the membrane was stripped after probing with the phospho-ERK antibody and reprobed with the total ERK antibody. The primary antibody against ERK1 (Santa Cruz Biotechnology) was used at a dilution of 1:6,000; phospho-ERK1/2 (Cell Signaling) at 1:1,000; EGFR (Cell Signaling) at 1:2,000; and the horseradish peroxidase-conjugated secondary antibody at 1:10,000.
Luciferase reporter assay. The hBRIE 380i cells were electroporated with the reporter plasmid DNA (2 g/10 6 cells) and the P2Y5 expression construct or empty vector (6 g/10 6 cells). The transfectants were allowed to recover on 24-well plates (2.5 ϫ 10 5 cells/well) for 24 h in IMDM-10% BCS, followed by serum starvation for 2 h in IMDM/0.1% ffBSA. The treatments with LPA or FPP were for 6 h. Luciferase activity from the samples was determined as previously described (7) .
In the experiments that require cotransfection with C3 exotoxin, hBRIE 380i cells were electroporated with the reporter plasmid DNA (2 g/10 6 cells), the P2Y5 expression construct or empty vector (2 g/10 6 cells), and the C3 exotoxin (2 g/10 6 cells). In the experiments that require cotransfection with the RGS domain in HeLa cells, cells were transfected by using Superfect with the reporter plasmid DNA (2 g/10 6 cells), P2Y5 expression construct or empty vector (2 g/10 6 cells), and the RGS domain (4 g/10 6 cells). After 24 h in Dulbecco's modified Eagle's medium (DMEM; Invitrogen)/10% fetal bovine serum (FBS; Hyclone Laboratories), the cells were serum starved for 2 h in DMEM/0.1% ffBSA, followed by 6-h treatments with LPA or FPP.
Adhesion assay. hBRIE 380i cells stably transfected with P2Y5 cDNA or the empty vector control were seeded in T75 flasks (1 ϫ 10 6 cells/flask) 24 h prior to the experiments. On the day of the experiments, cells were trypsinized, resuspended in 1 ml IMDM/0.1% ffBSA, and gently rolled for 2 h for recovery as well as acclimation to the serum free condition. Cells were collected by centrifugation at 100 g for 5 min, resuspended in fresh IMDM/0.1% ffBSA, and then plated on 24-well plates (1.2 ϫ 10 5 cells/well) coated with type I collagen. The cells were allowed to adhere for 2 h in 37°C in the presence of either 18:1-LPA or FPP. The assay was terminated by washing the cells four times with ice-cold PBS (pH 7.4). The effect of each treatment on cell adhesion was determined by crystal violet cell staining as previously described (34) .
Inhibitors treatment. The inhibitors used in this study and their respective targets are listed in Table 2 .
Cells were preincubated with 80 ng/ml of PTX for 24 h prior to [Ca 2ϩ ]i mobilization assay, Western blotting analysis, or luciferase reporter assay. AG 1478, genistein, or PD98059 was added with LPA to the cells used for Western blotting analysis. Cells for the luciferase reporter assay were pretreated with Y-27632 for 24 h or with an inhibitor (FTI-277, LY294002, SB 202190, edelfosine, or Gö 6976) for 2 h prior to the addition of LPA/FPP. For the cell adhesion assay, the treatment with AG 1478, edelfosine, genistein, Gö 6976, or U-73122 was for 2 h prior to the addition of LPA.
The doses of the inhibitors used for these studies were chosen by generating a dose-response curve for each inhibitor and using the minimum effective dose in each experiment. The concentrations of each inhibitor used were lower or equal to those reported by others when performing experiments under similar conditions. Statistical analysis. Where applicable, data were expressed as means Ϯ SD. Statistical difference between multiple groups was determined by one-way ANOVA with Duncan's post hoc test performed with SPSS version 11. Significance was accepted at P Ͻ 0.05. Dose-response curves were generated by using the curve fitting software GraphPad Prism version 4 (GraphPad Software).
RESULTS

P2Y5 transcript is expressed along the proximal-to-distal intestinal mucosa.
The mRNA expression of P2Y5 in various rat tissues was quantified by semiquantitative RT-PCR, and the abundance of the P2Y5 transcripts was similar in all tested tissues (i.e., brain, heart, lung, kidney, pancreas, liver, stomach, small and large intestine) (data not shown). In the intestine, P2Y5 mRNA is expressed in mucosa from the duodenum to the ileum at similar levels ( Fig. 1A) , with a twofold higher expression in the villus tip than in the crypt region (Fig. 1B) . This is consistent with the higher P2Y5 expression in differentiated hBRIE 380i cells (Fig. 1C) . Both LPA and FPP are found in the circulation (41, 55) , and LPA is also found in food (45) . The villus tip expression of P2Y5 could provide a convenient location for the receptor to have access to agonists that are present in both the apical and basolateral plasma membranes. Although the mRNA levels of GPCRs can represent the protein levels in certain cell types [e.g., the sphingosine-1-phosphate receptor's mRNA levels reflect the protein levels in T cell (65) ], the possibility that P2Y5 mRNA levels might not reflect the protein levels in the intestine in vivo remains to be determined.
The hBRIE 380i cells express EGFP-tagged P2Y5 on the plasma membrane. LPA could exert its effects both intra-and extracellularly (39) . The cellular localization of the LPA responsive receptors would help in determining the initial site of regulation of the signaling pathways responsive to LPA. Therefore, the localization of heterologously overexpressed P2Y5 tagged with EGFP at its COOH terminus was determined in hBRIE 380i cells. Fluorescence confocal microscopy revealed expression of the receptor on the surface plasma membrane ( Fig. 2A) . These data suggest that the observed P2Y5 activation in our subsequent studies occurred at the cell surface.
Activation of P2Y5 by LPA in CHO and hBRIE 380i cells leads to G␣ i -mediated signaling pathways. It had been observed that LPA mediated the induction of CRE reporter activity in P2Y5-overexpressing CHO cells (49) . This induction occurred in a dose-responsive manner that correlated with increased LPA binding in P2Y5-overexpressing HEK cells. It was, therefore, proposed that P2Y5 was an LPA-responsive GPCR (49) . Since CRE reporter activity is induced by more than one family of G␣ (40), the G␣ protein coupling preferences of P2Y5 remained unclear. All known LPA responsive GPCRs can couple with multiple families of G␣ (41); therefore, the G␣ coupling preferences of P2Y5 in response to LPA were first examined by using an aequorin-based calcium assay to characterize the downstream signal cascades that are activated by P2Y5. Although both the 1-acyl and 2-acyl LPA isomers exist in the circulation in vivo (51, 63), 2-acyl LPA is not stable under physiological conditions (51) . Therefore, we used the 1-acyl isoform in these studies.
We found that the [Ca 2ϩ ] i in P2Y5-overexpressing CHO cells was not different from the empty vector transfected CHO cells upon stimulation by oleoyl LPA (18:1-LPA), which is similar to what was reported by others (47) , suggesting that P2Y5 is not a G␣ q -coupled GPCR. The activation of G␣ s and G␣ i -coupled GPCRs are not usually associated with detectable changes in [Ca 2ϩ ] i . By cotransfecting a promiscuous G␣, in this case G␣ 15 or G␣ ⌬6qi5myr (30) , the activation of G␣ s -or Fig. 1 . Expression of P2Y5 mRNA is highest in villus and differentiated hBRIE 380i cells. A: the mucosal layers of rat duodenum, jejunum, ileum, and colon were removed as described in MATERIALS AND METHODS. Total RNA was extracted and semiquantitative RT-PCR was performed with primers specific for rat P2Y5 and 18S RNA (resulting in 302 and 542 bp of amplified cDNA fragments, respectively). A representative image of ethidium bromide-stained agarose gel of amplified fragments is depicted. Duo, duodenum mucosa; Jej, jejunum mucosa; Ile, ileum mucosa; Col, colon mucosa. B: cells from the villus and crypt areas were removed by laser microscopy dissection as described in MATERIALS AND METHODS. Total RNA was extracted and semiquantitative RT-PCR was performed with primers specific for rat P2Y5, intestinal fatty acid binding protein (I-FABP; resulting in 564 bp of cDNA fragment), and 18S RNA. I-FABP is a differentiation-dependent marker for enterocytes. A representative image of ethidium bromide-stained agarose gel of amplified fragments is depicted. C: P2Y5 transcript levels at different stages of hBRIE 380i cell maturity (from preconfluency to 3 days postconfluency) were determined by semiquantitative RT-PCR using primers specific for rat P2Y5, villin (resulting in 516 bp of cDNA fragment), and 18S RNA. Villin is another differentiation-dependent marker for enterocytes. Depicted is a representative image of ethidium bromide-stained agarose gel. P, proliferating hBRIE 380i cells; C, hBRIE 380i cells at confluency; 1D, hBRIE 380i cells at 1 day after confluency; 3D, hBRIE 380i cells at 3 days after confluency. The inhibitors were used as described in MATERIALS AND METHODS.
G␣ i -coupled GPCRs, respectively, can be quantified in a calcium assay, thus allowing changes in [Ca 2ϩ ] i to be used as an indicator for the activation of G␣ s -, G␣ i -, and G␣ q -coupled GPCRs. In the presence of G␣ ⌬6qi5myr , a dose-dependent rise in [Ca 2ϩ ] i in response to 18:1-LPA (EC 50 ϭ 195.3 nM) was higher in P2Y5-overexpressing CHO cells than in the cells that were transfected with the vector and G␣ ⌬6qi5myr (Fig. 2B) was necessary for the detection of the P2Y5-specific [Ca 2ϩ ] i response (EC 50 ϭ 1.59 M; Fig. 2C ), suggesting that P2Y5 might be an LPA-responsive G␣ i -(and not G␣ q )-coupled GPCR.
To investigate whether the activation of P2Y5 was only specific to the 18:1-LPA, the potencies of other related phospholipids on P2Y5 activation were tested in CHO cells cotransfected with G␣ ⌬6qi5myr (Fig. 2D) . Listed in Table 3 Table 4 are the tested compounds that did not activate P2Y5 in CHO cells cotransfected with G␣ ⌬6qi5myr .
For comparison, we also explored the effects of 18:1-LPA on the activation of P2Y9, an LPA-responsive "P2Y5-like" GPCR that couples to both G␣ i and G␣ s families (25, 32) , using the aequorin-based calcium assay in the presence or absence of the promiscuous G␣ proteins. Changes in [Ca 2ϩ ] i in response to 18:1-LPA in P2Y9-overexpressing CHO cells were enhanced with cotransfection of either G␣ 15 (Fig. 2B) . The EC 50 values of the [Ca 2ϩ ] i induction of P2Y5 and P2Y9 cells were comparable, verifying the LPA responsiveness of P2Y5. In addition, the EC 50 value of P2Y5 was similar to the LPA receptors of the EDG family, such as LPA3 (EC 50 ϭ 214 nM) (11) . Because GPR93 is also activated by protein hydrolysate, we tested for a similar activation of P2Y5. As also observed for P2Y9 (9) (Fig. 2E) . These results indicated that P2Y5 activation was coupled to the G␣ i , not to the G␣ s family, which confirmed the results of the calcium mobilization assay. Consistent with this finding, LPA (up to 10 M) did not induce CRE-linked luciferase reporter activity in hBRIE 380i cells (data not shown).
P2Y5 activation by LPA, in hBRIE 380i cells, induces PTX-sensitive ERK1/2 phosphorylation. LPA treatment of cell lines, such as hBRIE 380i, can induce an increase in ERK1/2 phosphorylation through G␣ i -mediated signal cascades (7, 10, 41) . Therefore, we explored the effects of P2Y5 activation on ERK1/2 phosphorylation in hBRIE 380i cells. LPA at 10 M induced a rapid phosphorylation of ERK1/2 that reached a maximum at 4 min followed by a gradual decrease (Fig. 3A) . P2Y5 overexpression in hBRIE 380i cells enhanced the phosphorylation of ERK1/2 in response to LPA at all time points. Because the 4-min time point produced the highest phosphorylation of ERK1/2 in response to LPA, the effects of various LPA concentrations on ERK1/2 phosphorylation were examined at 4 min. P2Y5 specific enhancement of ERK1/2 phosphorylation was dose dependent and peaked at 5 M (Fig. 3B) , which was in a range similar to the EC 50 value obtained by the aequorin-based calcium assay in hBRIE 380i cells. The phosphorylation of ERK1/2 in response to LPA activated P2Y5 was blocked by 50 M PD98059, an inhibitor of MEK1/2 (Fig.  3C ). PTX at 80 ng/ml almost eliminated the P2Y5 mediated increase in ERK1/2 phosphorylation, suggesting that the activation of the G␣ i family was required for the P2Y5 induction of ERK1/2 phosphorylation (Fig. 3C) .
EGFR transactivation is involved in the P2Y5-mediated ERK1/2 phosphorylation. LPA can also increase ERK1/2 phosphorylation through the transactivation of receptor tyrosine kinase (RTK) by LPA-responsive GPCRs (69); therefore, we examined the potential involvement of tyrosine kinase in the phosphorylation of ERK1/2. Genistein, a tyrosine kinase inhibitor (1), at 10 M significantly decreased P2Y5-induced ERK1/2 phosphorylation (Fig. 3D) , suggesting the involvement of tyrosine kinase. One member of the RTK family that is transactivated by LPA receptors and expressed endogenously in hBRIE 380i cells (Fig. 3D, inset) 
CHO cells were transfected with mtAEQ, P2Y5 cDNA (or the empty vector), and G␣⌬6qi5myr. P2Y5-specific ͓Ca 2ϩ ͔i induction was determined as described in Table 3 . PC, phosphatidylcholine. NE, not effective. *Tested for antagonism against lysophosphatidic acid (LPA). specific EGFR inhibitor (AG 1478) at doses from 5 to 50 nM significantly inhibited the P2Y5-induced ERK1/2 phosphorylation in response to LPA (Fig. 3D) , suggesting that LPAactivated P2Y5 could transactivate EGFR through the G␣ i family, resulting in an increase of ERK1/2 phosphorylation in hBRIE 380i cells.
LPA induces SRE-linked luciferase reporter activity in P2Y5-overexpressing cells.
Most LPA-responsive GPCRs can couple to G␣ 12/13 (33, 41, 71) . The aequorin-based calcium assay of cells cotransfected with promiscuous G␣ proteins cannot be used to determine the coupling of the G␣ 12/13 family by activated GPCRs because a construct of G␣ q that has been shown to couple to GPCRs that only associate with G␣ 12/13 family has yet to be developed. Therefore, changes of SRE reporter activity [a commonly used indicator for G␣ 12/13 family activation (52) ] in response to LPA was determined in P2Y5-overexpressing cells. SRE reporter activity can also be induced by the activation of G␣ q -coupled GPCRs. Since P2Y5 does not couple with G␣ q , the induction of SRE reporter activity by P2Y5 activation would indicate the activation of a G␣ 12/13 -mediated signal pathway.
Treatment of P2Y5-transfected hBRIE 380i cells with LPA for 6 h increased SRE-linked reporter activity in a dosedependent manner. At a 10 M concentration, LPA increased the SRE reporter activity by 18.2-fold (compared with a 4.4-fold increase in the empty vector transfected cells) (Fig. 4A) . The EC 50 value was 3.4 M for 18:1-LPA-induced SRE reporter activity that was similar to the EC 50 value determined by the aequorin-based calcium assay in hBRIE 380i cells. A dose lower than the EC 50 value of 18:1-LPA, 1 M, was used to compare the potencies of different LPAs on the SRE reporter activation. The 18:1-LPA was still the most effective agonist for the SRE reporter induction compared with the other LPAs tested (Fig. 4B) , and the rank of potencies among different LPAs for the SRE reporter induction was similar to the rank of potencies determined by the aequorinbased calcium assay. These studies indicate that P2Y5 is coupled to the G␣ 12/13 family proteins.
FPP increases SRE reporter activity through P2Y5, in hBRIE 380i cells, without activating G␣ i -mediated signal cascades.
FPP is an endogenous ligand that acts as an antagonist to the activation of EDG family receptors by LPA (36) and an agonist to GPR93 activation by LPA (48) . FFP did not act as an antagonist to LPA on the induction of [Ca 2ϩ ] i in P2Y5 and G␣ ⌬6qi5myr -cotransfected CHO cells or to LPA-induced SRE reporter activity in P2Y5-transfected hBRIE 380i cells (data not shown). FPP alone (up to 10 M) did not induce [Ca 2ϩ ] i flux in CHO or hBRIE 380i cells overexpressing P2Y5 with (or without) G␣ 15 or G␣ ⌬6qi5myr and ERK1/2 phosphorylation and the CRE reporter activity in both vector-and P2Y5-transfected hBRIE 380i cells (data not shown). However, FPP and geranylgeranyl diphosphate (GGPP) at 5 M significantly induced SRE reporter activity in P2Y5 transfected hBRIE 380i cells by 5.2-and 2.9-fold, respectively (Fig. 4C) , suggesting that FPP and GGPP could activate the G␣ 12/13 family through P2Y5. A dose-response curve was determined for FPP on the induction of SRE reporter activity by using vector-and P2Y5-transfected hBRIE 380i cells (Fig. 4D) . The EC 50 value for the induction of SRE reporter activity in response to FPP in cells overexpressing P2Y5 was 2.9 M. These results suggest that P2Y5 expressed in hBRIE 380i cells was able to activate only the G␣ 12/13 family in response to FPP. 12/13 family, Rho family GTPase, and Rho kinase. The regulator of G protein signaling (RGS) domain of p115RhoGEF binds and enhances the intrinsic GTPase activity of the G␣ 12/13 family, leading to the deactivation of the G␣ 12/13 family (16) . Because RGS inhibits the G␣ 12/13 -mediated SRE reporter transactivation in HeLa cells (58), we investigated the effects of the RGS domain of p115RhoGEF on the induction of SRE reporter activity by LPA and FPP in HeLa cells overexpressing P2Y5 to determine the contribution of G␣ 12/13 family in P2Y5 signal transduction. Cotransfection of the RGS domain of p115RhoGEF with P2Y5 in HeLa cells significantly reduced 65% of the LPA induced SRE reporter activity (Fig. 5A, black bars 2 vs. 5) and blocked FPP induced SRE reporter activity (Fig. 5A, black bars 3 vs. 6) . Cotransfection of the RGS domain of GPCR kinase 2 (GRK2) with P2Y5, in HeLa cells, had no effect on LPA-and FPPinduced SRE reporter activity (Fig. 5A) , since the RGS domain of GRK2 targets the G␣ q but not the G␣ 12/13 family (16) . These data verified that the induction of SRE reporter activity in response to LPA-activated and FPP-activated P2Y5 was mediated by the G␣ 12/13 family.
The induction of SRE reporter activity in P2Y5-overexpressing cells is mediated through G␣
Activation of the G␣ 12/13 family can induce the expression of SRE regulated genes through the activation of Rho and ROCK (9, 52) . Overexpression of C3 exoenzyme [a toxin that inactivates Rho A, B, and C small GTPases (68)] significantly reduced the effects of 10 M LPA and 5 M FPP on the SRE reporter activity in P2Y5-transfected hBRIE 380i cells by 50 and 57%, respectively (Fig. 5B, bar 1 vs. bar 2) . A specific inhibitor of ROCK, Y-27632, at doses from 1 to 10 M, significantly reduced the induction of SRE reporter activity in response to LPA in the P2Y5-transfected hBRIE 380i cells (Fig. 5C ). Y-27632 at 1 M (the lowest dose producing significant inhibition of the LPA-induced SRE reporter activity) also significantly reduced the FPP-induced SRE reporter activity in the P2Y5-transfected hBRIE 380i cells (Fig. 5C ). This data suggests that the Rho-ROCK pathway was involved in the transactivation of SRE reporter activity in response to LPA-and FPP-activated P2Y5 in hBRIE 380i cells. During the preparation of this manuscript, Yanagida et al. (72) reported that LPA activates the G 12/13 Rho signaling pathways in P2Y5-overexpressing B103 rat neuroblastoma cells.
Phosphoinositide-3 kinase (PI3K) and p38 MAP kinase (MAPK) are downstream effectors of the G␣ 12/13 family that can mediate the induction of the SRE reporter activity (46, 66) . Treatments with LY294002 (a PI3K inhibitor) and SB202190 (a p38 MAPK inhibitor) significantly reduced LPA-mediated induction of SRE reporter activity in P2Y5-transfected hBRIE 380i cells, in a dose-dependent manner, up to 75 and 90%, respectively (Fig. 5C ) and suggested the involvement of PI3K and p38 MAPK in P2Y5 signaling. However, the 5 M FPP induction of SRE reporter activity observed in P2Y5-overexpressing hBRIE 380i cells was insensitive to both LY294002 (50 M) and SB202190 (20 M), indicating that the LPA induction of the SRE reporter activity might be mediated through different effector pathways than the induction by FPP.
Changes in [Ca 2ϩ ] i can modulate SRE reporter activity (37, 54) ; therefore the involvement of calcium-related signal pathways was investigated. Gö 6976 (an inhibitor of PKC isoforms) and edelfosine [a phosphatidylinositol (PI)-specific phospholipase C (PLC) inhibitor] significantly inhibited the SRE reporter activity induced in P2Y5-overexpressing hBRIE 380i cells treated with 10 M LPA, in a dose-dependent manner. This suggests the involvement of [Ca 2ϩ ] i -related signal pathways (Fig. 5C ). However, treatments of 2 M Gö 6976 and 20 M edelfosine did not affect the 5 M FPP-induced SRE reporter activity in P2Y5-overexpressing hBRIE 380i cells, suggesting that only LPA-activated P2Y5 could initiate [Ca 2ϩ ] i -related signal pathways that lead to the induction of SRE reporter activity.
ERK1/2 is a downstream signal molecule that can mediate the induction of SRE reporter activity and can be activated by LPA. We observed that P2Y5 activation by LPA increased ERK1/2 phosphorylation through a PTX-sensitive pathway (Fig. 3) . PD98059 at 50 M did not inhibit the P2Y5-mediated SRE transactivation (in response to LPA and FPP) in hBRIE 380i cells (data not shown). This result was consistent with data demonstrating that PTX treatment did not block LPA-and FPP-induced SRE reporter activity in P2Y5-overexpressed hBRIE 380i cells (data not shown).
FPP can be used metabolically as a source for 15 carbon isoprenyl lipid during the protein farnesylation process catalyzed by farnesyl transferase (FTase) (5) . Some members of the Rho GTPase family are farnesylated, which affects the function of small GTPases such as RhoB (5). We tested whether the farnesylation of small GTPases could account for increased activity of FPP activated P2Y5. Treatment with an FTase inhibitor, FTI-277 (10 M), did not alter the effects of FPP and LPA on the transactivation of SRE reporter in hBRIE 380i cell overexpressing P2Y5 (data not shown), suggesting that protein farnesylation was not likely to be involved in P2Y5-mediated SRE transactivation. A summary of our results for LPA-and FPP-induced signaling pathways by P2Y5 activation is shown in Fig. 6 .
LPA reduces hBRIE 380i cell adhesion through activation of P2Y5. LPA can modulate intestinal epithelial cell adhesion and deadhesion (or motility) processes through G␣ i -and G␣ 12/13 -coupled GPCRs (22, 26, 60, 70) . Therefore, we examined the effects of LPA activated P2Y5 on the hBRIE 380i cell adhesion. A treatment with LPA (at 1 and 10 M) significantly reduced the adhesiveness of P2Y5-transfected hBRIE 380i cells compared with vector-transfected cells (Fig. 7A) , indicating that LPA-activated P2Y5 could reduce hBRIE 380i cell adhesion. The extent of the decrease in adhesion was similar to what was observed with hBRIE 380i cells exposed to NPY and PYY (34) .
The activation of EGFR can result in the modulation of cell adhesion, migration through the activation of p38 MAPK, and alteration of the interaction between E-cadherin and the actin cytoskeleton (12, 20, 38) . Since LPA effects can be mediated by EGFR activation (21), we tested whether LPA-activated P2Y5 might also reduce cell adhesion via transactivation of EGFR. AG 1478 at 50 and 250 nM displayed a significant and dose-dependent inhibition of the reduced adhesion observed in P2Y5-overexpressing cells treated with LPA (Fig. 7B) , suggesting the involvement of EGFR.
The [Ca 2ϩ ] i -related signal pathways (e.g., the activation of PKC and PLC) are often involved in the regulation of cell adhesion and migration (29, 50) . We therefore tested whether changes in [Ca 2ϩ ] i were involved in reduction of intestinal cell adhesion resulting from LPA activation of P2Y5. The presence of 1 M Gö 6976 or 10 M edelfosine significantly inhibited the LPA-mediated reduction of adhesion in P2Y5-overexpress- ing hBRIE 380i cells (Fig. 7B) . The possible involvement of [Ca 2ϩ ] i -related signal pathways was consistent with our SRE reporter assay data (Fig. 5C ). However, up to 10 M U-73122 [a inhibitor of PLC␤ often activated by G␣ q -coupled GPCRs or G␤␥ dimers of G␣ i -coupled GPCRs (28)] had no effect on the LPA-mediated reduction of P2Y5-overexpressing hBRIE 380i cell adhesion (data not shown). This indicates that activation of PLC␤ was not likely involved.
Rho can reduce cell adhesion though the activation of ROCK (56) . The ROCK inhibitor, Y-27632, at 10 M did not affect P2Y5-mediated reduction of cell adhesion by LPA (data not shown). This suggests that ROCK was not involved in LPA-regulated hBRIE 380i cell adhesion through P2Y5. We also investigated the effects of FPP on hBRIE 380i cell adhesion. At 10 M, FPP treatment of P2Y5-overexpressing hBRIE 380i cells caused a small but significant reduction (18%) of cell adhesion in (Fig. 7C) . Since FPP did not seem to activate EGFR, PLC, or PKC through P2Y5 in hBRIE 380i cells (Fig. 5C) , the effects of these inhibitors on the FPPmediated reduction in hBRIE 380i cell adhesion were not pursued.
P2Y5 (Fig. 8A) , suggesting that LPA bound to P2Y5 directly. The apparent K d and B max calculated from the saturation plot were 23.5 nM and 4.51 fmol/g protein, respectively, which were within the range reported for other LPA receptors (31, 47) .
Low-affinity agonists to a particular GPCR do not always have higher EC 50 values compared with higher affinity agonists for the same receptor (31) . Therefore, the relative affinities of different LPAs were also quantified. Table 5 . The 18:0-LPA had a higher affinity to P2Y5 than 16:0-LPA but 16:0-LPA was more effective in the induction of [Ca 2ϩ ] i . These results suggest that the affinities of the agonists for P2Y5 might not always correlate with their potencies, which is consistent with the reported nucleotide binding and potency data for P2Y5 (high affinity but no potency) (35, 67) . Up to 1 M ATP had no effect on the [ 3 H]18:1-LPA binding to P2Y5 (Fig. 8B) , suggesting ATP and LPA might bind to different regions of P2Y5. LPA-activated P2Y5 can initiate the activation of G␣i and G␣12/13 families, leading to increased phosphorylation of ERK1/2 (through MEK) that is sensitive to EGFR inhibitor and SRE reporter activity that is sensitive to inhibitors targeting Rho small GTPase, ROCK, p38 MAPK, PI3K, PKC, and PLC. FPP can also activate P2Y5 and activate G␣12/13 but not G␣i familymediated signal pathways. Furthermore, unlike LPA, the FPP-activated P2Y5-induced SRE reporter activity is sensitive to inhibitors targeting Rho small GTPase and ROCK but not p38 MAPK, PI3K, PKC, and PLC. Fig. 7 . LPA-and FPP-activated P2Y5 reduces hBRIE 380i cell adhesion. A: adhesiveness of hBRIE 380i-P2Y5 and hBRIE 380i-vector cells to collagen I-coated wells in the presence or absence of LPA was determined as described in MATERIALS AND METHODS. Percent adhesion is the ratio of the value from each sample to the value from the control (no LPA treatment), which was arbitrarily designated as 100. Data points are means Ϯ SD (n ϭ 3).
a P Ͻ 0.05, relative to value of hBRIE 380i-vector cells of the same treatment. B: effect of AG 1478 (5, 50, or 250 nM), Gö 6976 (Go; 0.2, 1 or 2 M), or edelfosine (ED; 5, 10, or 20 M) was determined by pretreating cells with each inhibitor for 2 h. Ten M LPA was used as a stimulus. Bars are means Ϯ SD (n ϭ 3). Percent adhesion is as described in A.
a P Ͻ 0.05, relative to bar 1 (10 M LPA treatment without inhibitors). C: adhesiveness of hBRIE 380i-P2Y5 and hBRIE 380i-vector cells to collagen I-coated wells in the presence or absence of FPP was determined as described in MATERIALS AND METHODS. Bars are means Ϯ SD (n ϭ 3).
a P Ͻ 0.05, relative to the value from hBRIE 380i-vector cells for the same treatment.
FPP did not function as an antagonist of LPA in the calcium mobilization assay ( Fig. 8C ). The relative minor amount of labeled FPP binding to the P2Y5 membrane preparation, compared with labeled LPA, raises the possibility that FPP might not directly interact with P2Y5.
DISCUSSION
The epithelial cells lining the intestinal lumen are exposed to molecules from the external environment through their apical surface, as well as molecules from peripheral tissues through their basolateral surface. These molecules can modulate events that are essential for the maintenance of mucosal functional and structural integrity such as cell migration along the crypt-to-villus axis, axial and spatial differentiation, and anoikis. P2Y5 could act as a receptor that helps coordinate environmental and systemic cues on intestinal cell activities because its ligand, LPA, can be present in the intestinal lumen and also released from peripheral sources. Although P2Y5 transcript was observed to be distributed throughout the intestinal mucosa, the expressed receptor could exert a specific regional effect along the proximal to distal intestine, or along the crypt-to-villus axis, by differentially responding to more than one agonist at a given time.
We determined that FPP is also an agonist of P2Y5, thus making this receptor the second known cell surface receptor activated by FPP after GPR93 (48) . FPP is an intermediate in the isoprenoid biosynthetic pathway (23) , also present in the circulation (55, 61) , and an endogenous antagonistic ligand of LPA2 and LPA3 (36) . Unlike with LPA, the treatment of P2Y5-overexpressing cells with FPP did not result in an induction of [Ca 2ϩ ] i mobilization and ERK1/2 phosphorylation.
Both LPA and FPP activation of P2Y5 induced the Rho GTPase, ROCK pathway, and SRE reporter activity through the coupling of G␣ 12/13 ; however, LPA and FPP might utilize different downstream effectors of SRE reporter activity. FPPinduced SRE reporter activity was not affected by inhibitors targeting p38 MAPK, PI3K, PLC, or PKC. Therefore, despite being P2Y5 agonists, LPA and FPP might be able to elicit distinct effector responses. Furthermore, the simultaneous presence of LPA and FPP in vivo might inhibit the activity of LPA2 and LPA3, but not that of P2Y5 and GPR93. Our finding presents an additional point of regulation for the signal cascades activated by LPA-responsive GPCRs. The specific effects of P2Y5 activation may not only be dependent on the expression pattern of the receptor but also on the combination of agonists at a given time.
Recently, Hypotrichosis simplex (a group of hereditary isolated alopecia) was correlated to a truncated mutation of P2Y5 by genomewide linkage analysis (49) . LPA treatments of human P2Y5-overexpressing CHO cells led to a PTX-insensitive induction of CRE reporter activity and did not reduce forskolin-elevated CRE reporter activity. It was therefore concluded that P2Y5 activation by LPA was coupled to G␣ s and not to G␣ i (49) . However, CRE can be activated by both [Ca 2ϩ ] i -and cAMP-mediated pathways (2) . Following LPA activation of P2Y5 in CHO cells, we detected neither changes in [Ca 2ϩ ] i , even with coexpression of G␣ 15 (a G protein that can enhance [Ca 2ϩ ] i mobilization by activated GPCRs coupled to G␣ s ), nor increases in intracellular cAMP levels, which indicates that P2Y5 is likely not coupled to G␣ s . However, a possibility remains that P2Y5 activation might result in a latent increase in [Ca 2ϩ ] i that could modulate CRE reporter activity. We observed that P2Y5-induced SRE reporter activity was sensitive to both PI-PLC and PKC inhibitors, suggesting the involvement of a G␣ 12/13 -linked PLC isoform, such as PLCε (52) , in a delayed elevation of [Ca 2ϩ ] i following LPA stimulation.
The median effective concentration (i.e., EC 50 values) of P2Y5 agonists is not strictly correlated to the strength of ligand binding (i.e., K d values) to the receptor. P2Y5 exhibited a higher affinity to 18:0-LPA than to 16:0-LPA, but 16:0-LPA was a more effective agonist for the induction of [Ca 2ϩ ] i . Similarly, P2Y5 activation by FPP resulted in a higher SRE reporter activity than by LPA, even though there was a greater total binding of LPA than FPP to the membrane fraction of P2Y5-overexpressing cells. Those observations could be a reflection of the difficulties in using standard receptor binding assays for lipid ligands; however, the possibility exists that liganded P2Y5 interacts with other accessory proteins such as GPCR kinase, ␤ arrestin, or other 7TMR (which are either coupled or uncoupled to G proteins), causing an enhancement of downstream signaling pathways (8, 27, 57) . Therefore, the physiological actions of LPA and FPP in the intestine might not be simply the result of an increase in binding of a particular ligand.
LPA induces migration of intestinal cells in culture through the activation of G␣ i (22, 60) . Other PTX-sensitive receptors have been demonstrated to induce intestinal cell migration that is linked to a decrease cell adhesion. For example, the activation of the NPY receptor family [a G␣ i -coupled receptor family (43) ] increases hBRIE 380i cell motility through a process that is linked to a decrease in cell adhesion by decreasing the adhesion molecule CD63, increasing matrix metalloproteinase 3 and through the action of small GTPase cdc42 (34) . P2Y5 might activate similar downstream signal cascades to reduce epithelial cell adhesiveness. P2Y5 may also alter cell adhesion through RTK-mediated pathways since our results indicate that P2Y5 transactivates EGFR and EGFR activation in the intestine has been reported to modulate cell migration and adhesion (14) .
The involvement of P2Y5 in the LPA-mediated decrease in intestinal cell adhesion could be important for maintaining intestinal epithelia integrity in vivo, for example by restitution or anoikis (18, 34, 60) . Furthermore, the differential activation of P2Y5 by various forms of LPA and FPP could result in distinct G␣ coupling, activation of downstream effector molecules (e.g., p38 MAPK, PI3K, PLC, and PKC), and signaling events. P2Y5 may play a significant role in the maintenance of mucosal homeostasis along the crypt-to-villus axis by acting as a means for the epithelium to respond to a range of extracellular cues, which can reflect the state of cell-to-cell integrity, cell metabolism, or the content of molecules in the lumen including those derived from the diet or intestinal flora.
